About 10% of the parents reported that their children are allergic to one drug and the betalactam antibiotics are the most frequently suspected. Even if most of the adverse events following antibiotic prescriptions to children are considered allergic, after a full allergy work-up only a few of the suspected reactions are confirmed. For this reason, many children are incorrectly labelled as "allergic" and this represents an important challenge for the choice of the antibiotic therapy in these "labelled" children, who are frequently improperly deprived of narrow-spectrum antibiotics because considered as allergic. When an allergic reaction is suspected a precise diagnosis and a choice of a safe and effective alternative is essential for the future antibiotic option. In the light of this, the main aim of this paper is to try to provide a practical approach to managing the individuals who have reported adverse reactions to antibiotics. (www.actabiomedica.it)
Introduction
Data on the prevalence and incidence of antibiotic hypersensitivity reactions (DHRs) are limited, especially in paediatric age and varies around the world (1) .
About 10% of the parents reported that their children are allergic to drugs and betalactams (BLs) are the most frequently suspected (2) . A prospective study conducted in children and adolescents showed that the rate of adverse drug reactions (ADR) was 10.9% in hospitalized children, 1% in outpatients, and the hospitalizations rate for adverse drug reactions was 1.8% (3) . Antibiotics are significantly overused (4) and all classes can be associated with a certain predicta-ble rate of adverse reactions (1) . Nowadays, multiple drug-resistant infections are becoming more common (1) . Thus, an effective antibiotic stewardship program is important and urgent (5) . So, physicians, should be correctly informed on the risks of avoiding certain classes of antibiotics, like narrow-spectrum penicillins, when these are the drugs of choice (1) . Physicians should be able to safely and efficiently evaluate and/or refer individuals with reported antibiotic adverse reaction and know when to perform diagnostic testing, drug challenge, or desensitization (6) .
Many children are incorrectly labelled as "allergic" (1) . The choice of antibiotic therapy in such children represents an important challenge (7) . They commonly receive second-line broad spectrum antibiotics and this increases the risk for infection caused by Clostridium difficile, methicillin-resistant Staphylococcus aureus and vancomycin-resistant enterococcus (8) . Furthermore, these patients have a prolonged hospital stay, and adverse effects related to second-line antibiotic use (8) . This may lead to increase health-care utilization and costs (8, 9) . Li et al. showed that penicillin allergy was associated with 1.82-to 2.58-fold increase in total antibiotic cost (10) .
This review aimed to provide a practical approach in managing the clinical care of individuals who have reported an adverse reaction to antibiotics.
Practical management

Step 1. Make a correct diagnosis
A key point for the management of antibiotic allergy is to establish a correct diagnosis (11) .
The first step is to consider that ADRs are classified as type A (predictable by the properties of the drug, and including the toxic side effects, which are dose-dependent and non-immune-mediated) and type B reactions which are unpredictable, not dose-dependent and frequently immune-mediated (11) (12) (13) . Type B reactions comprise both quick-onset reactions, such as anaphylaxis, bronchospasm, urticaria, angioedema, gastro-intestinal symptoms and late-onset reactions, such as maculopapular exanthema, contact eczema and severe cutaneous adverse reactions (SCARs) including drug reaction with eosinophilia and systemic symptoms (DRESS), Stevens-Johnson syndrome (SJS), toxic epidermal necrolysis (TEN) (11) (12) (13) . Antibiotics trigger type B reactions that should be differentiated from signs/symptoms due to an infectious disease, simultaneously administered drugs, food and airborne allergens, or functional mechanisms (14) (15) (16) (17) (18) (19) (20) (21) .
In adults, most of ADRs (about 80%) are type A reactions, while type B reactions comprise about 10%--15% of all ADRs (13) , while in children, the opposite is true (22) . Immunological reactions were classified by Gell and Coombs (types I-IV) and later by Pichler who refined type IV (T-cell-mediated) in type IVa (Monocytic inflammation), IVb (Eosinophilic inflam-mation), IVc (T cells) and IVd (Neutrophilic inflammation) (23) .
Most of the adverse events following antibiotic prescriptions are considered as allergic, but after a full allergic work-up only a few of the suspected reactions can be confirmed (2, 7, 11, 24) . Ponvert et al. (25) in their twenty years' experience, found that only 15.9% of 1431 children with suspected allergy to BLs antibiotics were found to be allergic. Caubet et al. (14) showed that the most frequent cause of a benign skin rush during BLs treatment in children, was a viral infection (69.5%) while only 6.8% of children had a positive drug provocation test (DPT) to BLs. Similar results were found by Zambonino et al. (26) that found only 7.9% of 783 patients with suspected allergy to BLs had drug allergy.
A recent paper by Vyles D et al. (27) confirmed the importance of a precise classification and definition of a penicillin adverse reaction. They found that no children with suspected penicillin allergic reaction categorized as low-risk with their allergy questionnaire have a true penicillin allergy (27) .
Many studies have showed that penicillin skin testing is useful in increasing BLs use (when indicated by the antibiotic stewardship), and in reducing the use of alternative antibiotics as fluoroquinolones, glycopeptides and other second-line broad spectrum agents, with consequent and relevant cost saving (8, 28, 29) . So, many reports called for an incorporation antibiotic allergy-testing program in antimicrobial stewardship (30) (31) (32) . Raja et al. (33) found that penicillin skin test is useful in adult emergency department for ruling out penicillin allergy. This strategy although useful, appears unfeasible in paediatric emergency department because it is time consuming and costly (27) .
Recommendation. Not label a child as allergic to antibiotics without an accurate diagnostic work-up that starts with a precise description of the index reaction and his classification in Type A or Type B reaction.
Step 2: find a safe and effective alternative
Betalactams
BLs are the antibiotics that most frequently cause allergic reactions in childhood (2) . The prevalence of self-reported reactions in children varies from 1.7% to 5.2% (7, 34) . A study of 2,375,424 children and adults in Southern California showed that prevalence of allergy to penicillin was 7.9% (34) . An European study show that the 0.21% of unselected paediatric outpatients demonstrate positive test for antibiotic allergy and 6.8% of children attending ED for suspected BLs hypersensitivity are allergic (35) .
Penicillins are the first line therapy in most paediatric respiratory infections according to many guidelines (36) (37) (38) (39) (40) . For these reasons when a correct diagnosis of penicillin allergy is done it should be given an alternative well tolerated but equally effective agent. It is important to consider that other classes of antibiotics have limited efficacy for these infection (39, 40) . Many studies have found that the avoidance of cephalosporin in penicillin allergy patients causes an increased risk of adverse events, suboptimal treatment of infection and treatment failures (41, 42) .
All BLs have a structure that consist in a 4-membered BL ring that in penicillins is attached to a 5-membered thiazolidine ring (44) . The side chain distinguishes different penicillins (34, 43, 44) . Cephalosporins have a 6-membered sulfur-containing dihydrothiazine ring and two side chains (R1 and R2) (44) . Carbapenems (e.g. Imipenem, meropenem) in the 5-member thiazolidine ring contain a carbon double bound instead of sulphur and have a side chain that distinguishes the different carbapenems (44) . Monobactams comprise the BL ring without an attached 5-or 6-membered sulphur ring (34, 43, 44) (Fig. 1) .
The BL ring, the thiazolidine/ dihydrothiazine rings and the side chains are all potentially immunogenic (28, 38, 39) . In the last ten years, the role of side-chain structures as antigenic determinants was widely accepted particularly in hypersensitivity reaction to amoxicillin and cephalosporin (28, 39, 45, 46) . Cross-reactivity between BLs seems to be more closely related to side chain identity or similarity than to the central BL ring (34, 43, 44) . However, shared epitopes from other parts of the molecule also account for cross-reactivity (34, 43, 44) . For instance, ampicillin and cephalexin share an identical side chain with an amino group, as amoxicillin and cefadroxil (40) (Fig.  2) . In early studies, cross-reactivity between penicillin and first and early (introduced before 1980) second- generation cephalosporins has been reported to occur in up to 10% of patients, while for the third-generation ones the rate is lower (2-3% of patients allergic to penicillin) (34, 44) . Recent data indicate that the actual rate of cross-reactivity is probably less than 1% (43, 47) . The degradation process of cephalosporin leads to a fragmentation of the BL ring as well as the thiazinic group but the R1 side-chain structure of cephalosporins usually remains intact and this is the main factor for cross reactivity between cephalosporins and penicillin (34, 43) . The antigenic role of the R2 side-chain is still debated (43) . Romano et al. demonstrated that patients with cephalosporin allergy commonly tolerated a cephalosporin with different R1/R2 side chain (48) .
Every patient reporting a suggestive history or who have a diagnosis of penicillin allergy may receive cephalosporins, especially the third generation, as a replacement, with the exception of those showing R1 side-chain similarity (34, 36, 43, 45, 47) . It is still debated if in these occasions, a skin test should precede the administration of cephalosporin through a graded challenge (42) . In figure 3 were listed many of the major drugs used nowadays and whether the R1 or R2 side chains are identical or similar.
Prospective studies on carbapenems and monobactams suggest that cross reactivity with penicillins/ cephalosporins is very unlikely or absent (34, 43, 44, 49) , with the exception of ceftazidime which shares an identical R1 side chain with aztreonam (50) .
Recommendations: -Third generation cephalosporins can be used in patients with mild nonimmediate penicillin allergy. In case of SCARs, antibiotic class avoidance is the preferred management (11, 45) . -In patients with immediate reactions to penicillins who required cephalosporins, it is useful to perform skin tests with a cephalosporin of second or third generation with different side chains and if negative, administer the drug in a gradual and controlled challenge (34, (43) (44) (45) 47 ). -In patients with immediate reactions to cephalosporins who required cephalosporin or penicillins, it is useful to perform skin tests with a cephalosporin or penicillins with different side chains and if negative, administer the drug in a gradual and controlled challenge (34, (43) (44) (45) 47 ). -Subjects allergic to penicillin who required carbapenems or monobactams should undergo skin tests and when negative, the drug should be administered in a gradual and controlled challenge (11, (43) (44) (45) 51) .
Non-betalactam antibiotics
The prevalence of allergic reactions to non-betalactam antibiotics (NBLs) is estimated to be 1-3% of the general population and represents about 10% of the DHRs in children (47) . Viral infections can provoke skin eruptions such as maculopapular exanthemas that is also the most common symptom of allergic reactions to NBLs (51) . Therefore, it is difficult to differentiate DHRs from skin symptoms due to infections (51) . The main classes involved in NBLs DHRs in children are sulphonamides, macrolides, glycopeptides, aminoglycosides and quinolones (1, 52) . There is a lack of studies on hypersensitivity reactions to NBLs (52) .
Macrolides. Macrolides are classified according to the number of carbon atoms in their lactone ring: 14 membered (e.g. erythromycin, clarithromycin), 15 membered (azithromycin), and 16 membered (spiramycin, rokitamycin, josamycin) (52). Hypersen- sitivity reactions to macrolides occur in 0.4% to 3% of treatments (53) . DHRs to azithromycin appear to be more frequent than to clarithromycin (54) . Allergy to macrolides is difficult to diagnose because of poor standardization of skin tests as well as lack of accurate in vitro tests (1, 55) . In a study by Mori at al. on sixtyfour children with a history of hypersensitivity reactions to clarithromycin, the sensitivity and specificity of intradermal test (IDT) to clarithromycin at the concentration of 0.5 mg/ml were 75% and 90%, respectively (56) . In children, few data are available on non-irritant concentrations, therefore the interpretation of a positive skin test result to macrolides is uncertain (1, 57) . Thus, DPT is the only reliable diagnostic test (52, 55) , even in the absence of any standardized protocol for macrolides. It should be taken into account that anaphylactic reactions can be induced by the systemic administration of allergens including drugs (51) , and foods (58, 59) during challenge tests. So, challenges should be performed under medical surveillance by trained personnel and materials for treating anaphylaxis should be available (51) . It has been suggested that macrolide allergies are unlikely to be a class allergy (1, 60) . However, cross reactivity may occur between different macrolides, at least regarding anaphylaxis (61) .
Aminoglycosides. Aminoglycosides are classified in two groups: (A) streptidine group: e.g., streptomycin; (B) desoxystreptamine group: e.g. amikacin, gentamicin, tobramycin, neomycin (60) . Aminoglycosides hypersensitivity is uncommon except for some risk groups such as patients with cystic fibrosis (52) . Contact dermatitis from topical aminoglycosides is the most frequent clinical manifestation, since neomycin, gentamicin and tobramycin are widely used as cream, ointment, and eye or ear drops (60, 62) . Anecdotal cases of positive skin prick test to tobramycin, gentamicin, and streptomycin (63) have been observed. However, in vivo tests are not validated for the diagnosis of immediate reactions to aminoglycosides (51) . Patch tests with reading at 72 and 96 hours have been performed for the diagnosis of non-immediate reactions (64) .
Cross-reactivity between aminoglycosides is common (50%) (1, 65) , so aminoglycosides should be avoided in patients with a diagnosis of hypersensitivity (60) .
Sulphonamides. Cotrimoxazole is frequently used for prophylaxis and eradication of opportunistic infection in serious diseases, such as AIDS or hematologic malignancies, and for community infections in same regions of the world (47) .
Sulfonamides are most commonly associated with non-immediate manifestations, such as maculopapular rashes, and SCARs (66, 67) . Among antibiotics, sulfonamides have the more frequent cause of benign rash and of SYS/TEN (1) . Most allergic sulfonamide-associated adverse reactions appear to be T-cell-mediated (1) . The rash rate is even higher in individuals with active untreated or acutely treated HIV infection with low CD4 T-cell counts (67) .
The best management strategy in a patient with sulfonamide hypersensitivity is to use a different drug, but in some clinical settings, especially in patients with HIV infection or hematologic malignancies, where no equally effective alternative exists (52) .
In case of mild or moderate non-immediate reactions (without mucosal signs or systemic symptoms) different strategies have been proposed (60) . It is possible to continue cotrimoxazole administration at the same doses, to discontinue the drug over a few months, usually 6 months, and then cotrimoxazole can be resumed after a graded challenge or a "desensitization" protocol (47) . A meta-analysis involving 268 adults with HIV infection and mild or moderate hypersensitivity reactions to cotrimoxazole found that the desensitization protocol was the most beneficial for preventing severe skin reactions, when it is performed after 6 months of drug discontinuation (68) .
Glycopeptides. Vancomycin, a glycopeptide, has been often used in infections with BL resistant Grampositive organisms or in BL allergic patients (52, 60) .
The most common hypersensitivity reaction associated with vancomycin is the red man syndrome (RMS) (52, 60) . Vancomycin causes a variety of DHRs; nonimmediate DHRs are more common than immediate one, with linear IgA bullous dermatosis being most frequent (69) .
In patients with suggestive clinical history, positive immediate-reading IDTs (0.1 mg/ml or lower dilution) may identify immediate hypersensitivity reactions, and positive patch tests (at concentration of 0.005%) delayed hypersensitivity reactions (52) .
Severe RMS can mimic IgE-mediated anaphylaxis and requires immediate diagnosis and management (60) . In contrast to true allergic hypersensitivity reactions, slowing the infusion rate of vancomycin to 500 mg given over one hour usually reduces the chance of developing RMS (60) . There are few studies regarding the effectiveness of antihistamines as premedication to prevent RMS (60) .
Despite its chemical affinity, no cases of RMS and very few cases of allergic reactions were reported with teicoplanin (70) in children with previous reactions to vancomycin. However, when possible, an alternative drug should be used or a desensitization protocol should be performed (51) .
Quinolones. Quinolones can be classified according to their generation: first (e.g. nalidixic acid), second (e.g. ciprofloxacin), third (levofloxacin), and fourth (1).
In Spain, quinolones are the third cause of confirmed DHR, after anti-inflammatory drugs and BLs, having an increase in incidence from 0.53% in 2005 to 5.96% in 2009 (71) . A paediatric study on ciprofloxacin involving 16,184 patients ≤17 years, gave an estimated risk of 0.046 suspected DHRs every 100 patients (72) . The rate of allergic and non-allergic anaphylaxis between immediate hypersensitivity reactions to quinolones are similar among different quinolones (52) . Allergic reactions to quinolones can be immediate or delayed (73) . Anaphylaxis and maculopapular exanthema are respectively the most frequent clinical entities (73) .
Skin prick tests and IDTs are not recommended for the diagnosis of hypersensitivity to quinolones because they can induce direct mast cells activation, leading to false positive results (1, 73) . DPT remains the reference standard for the diagnosis even if not without risk (1, 52, 73) . Cross-reactivity between quinolones is difficult to predict due to the small number of patients included in the few published studies (73) . Some studies in adults showed that the level of crossreactivity can be important (52, 73) . Patients with hypersensitivity to quinolones should avoid these drugs and when quinolones are the only therapeutic option, desensitization is necessary (73) . Cross-reactions between quinolones, BLs and neuromuscular blocking agents have been also described (74) .
Conclusion
Antibiotic hypersensitivity is a frequent problem for physicians in particular for the future use of antibiotics. Firstly, it should be determined if the reaction associated with antibiotic intake was a type A or Type B reaction. In case of a Type B reaction, it is mandatory an appropriate diagnostic work-up for ascertaining the causal role of the drug. This is the first step for a correct management of antibiotic allergy. It is important not to "label" a child as allergic without an appropriate diagnostic work-up. When a diagnosis of antibiotic allergy is done, the second step is to find a safe and effective alternative. Unfortunately, the allergic work-up and the evaluation of cross reactivity is well structured only for BLs. Up to now, evidences on diagnostic tests for NBL allergy in children are limited.
